In this study, a high-speed switched reluctance machine (HS-SRM) with cobalt-iron lamination material is proposed for spindle motors, which are used in computer numerical control machines. Wide torque-speed range, high power density, high efficiency, and low cost are the crucial issues in spindle applications. Three types of electric machine candidates, the permanent magnet synchronous machine (PMSM), induction machine (IM), and switched reluctance machine (SRM), are compared with their outstanding features. The SRM spindle motor will offer a more robust, reliable, compact, and cost-effective solution compared to the IM or PMSM spindle applications. Moreover, advancement on cobalt-iron laminations gives a chance to the SRM for competing with the PMSM and IM in terms of power density and efficiency. In this study, a high-speed SRM is designed, optimized, and analyzed. Its performance metrics are obtained based on torque-speed range and efficiency over a wide speed range. The proposed SRM is compared with existing industrial products in terms of power densities. Then the design is verified via experimental study. The results show that the HS-SRM with cobalt-iron lamination material offers ultimate power density and efficiency in wide operating conditions.
Introduction
In recent years, high-speed electric machines (HSEMs) have gained attention in several applications. Advancement of motor and driving technologies plays an important role for these reasons. Some high-speed (HS) electric machine applications are turbo-compressors and turbo-molecular pumps/blowers, flywheels, high-speed machining-spindle applications, micro gas turbines, turbo-charging in electric vehicles, balancing machines, medical equipment, and military applications [1] [2] [3] [4] .
HSEM applications provide high mechanical rigidity [4] , integrated and compact design with low mass/volume, long maintenance periodicity, and reduction in wear and total losses by eliminating the mechanical transmission [5] . Despite these advantages, electrical and mechanical losses are increased excessively. Core loss becomes dominant in the losses; stray, excess, and bearing losses cannot be ignored because of the high operating frequency. Hence, the cooling of the machine is more difficult and needs special attention. Moreover, as the centrifugal forces rise with the rotational speed, mechanical aspects should be carefully taken into consideration.
A typical spindle machine is shown in Figure 1 . In spindle applications, machining operations, including milling, cutting, and grinding, gain several benefits with the integration of direct drive high-speed spindles. The required cutting force decreases with an increased cutting speed, which results in enhanced machining accuracy. The surface finish of the operated material is improved as the generated heat does not have sufficient time to conduct to the workpiece. The decreased burr is another big benefit that comes from high cutting speed. In this study, an SRM is developed as a spindle motor. In Section 2, a high-speed concept in electric machines is discussed. HS-SRM performance characteristics are obtained with an optimization in Section 3. In Section 4, the performance of the proposed SRM is compared with the commercially available IMs and PMSMs. The experimental results are given in Section 5. The results are summarized in the conclusion section.
High-speed concept in electric machines
The classification for a high-speed electric machine is determined based on the linear velocity of the rotor. The surface centrifugal force on a ring section is calculated as:
Here, m is the mass (kg), ρ is the mass density (kg/m 3 ), L is the axial length (m), r is the mass radius (m), θ is the ring degree ( • ), w is the mass width (m), n is the rotational speed (rpm), v is the velocity (m/s), σ is the mechanical stress (N/mm 2 ) and F rad , F tan are the radial and lateral forces (N).
The most critical parameter is the centrifugal force on HSEMs as the mechanical stress (σ) is proportional to the mass density and to the square of circumferential speed [6] . For electric machines, the relationship between the rotational and the circumferential speeds is:
Here, D is the rotor outer diameter. In the literature, the threshold value of the circumferential speed for HSEMs is determined as v = 100 m/s. Rotor surface velocities of HSEMs are usually in the range of 100-250 m/s [4] .
3. High-speed switched reluctance machine (HS-SRM) design
HS-SRM design
Motor specifications are determined in Table 1 based on the application requirements. The desired power and the base speed are 1.7 kW and 50 krpm considering natural and liquid cooling options. A high number of poles reduce the torque ripple and acoustic noise. However, the excessive fundamental driving frequency will bring several disadvantages on both the machine and the driver sides. Hence, 6/4 is decided for the pole combination. In this case, the fundamental frequency of the phase current will be 3.3 kHz, which is still considerably higher than conventional electric machines. Special attention is required, such as using Litz wire, thin lamination sheets, etc. [7, 8] . In this study, to reduce the iron losses and to increase the power density of the spindle drive, a high-performance HiperCo material is proposed. HiperCo50 contains 48%-50% cobalt element, which provides higher magnetic field saturation level and better mechanical strength. However, its price is excessively higher than that of usual lamination materials, as it is a new technology and it contains cobalt. However, it should be noted that the price of HiperCo50 will be reduced when its usage becomes more widespread. The B-H curves of HiperCo50 and the commonly used M250-35A (M15) materials are compared in Figure 2 . When the SRM is operated in the unsaturated region, the torque equation is expressed as in Eq. (6). As the slope of each curve in Figure 2 is equal to the inductance, it is clear that cobalt-iron material will enable higher torque and power density than M250-35A silicon-iron lamination material.
The design is processed under finite element analysis (FEA) using ANSYS-Maxwell software. Figure 3 shows efficiency and total loss parameters as a function of air gap length and number of turns for conventional and HiperCo50 laminated HS-SRM. When the air gap length is decreased, the efficiency increases. However, decreasing the number of turns has a negative effect on efficiency as the required phase current rises, which cause iron losses. To reach the same amount of flux linkage in the SRM, HiperCo50 needs less current than conventional lamination. As a result, less phase current reduces the losses. The efficiency curves for conventional and proposed materials are shown in Figure 3 . There is no discrepancy in the reduction of air gap length; however, a limitation comes up with the mechanical issue. A 0.4 mm air gap length is selected for the design considering production tolerances. Figure 4 presents the performance parameters as a function of stack length and number of turns per pole for a given peak current, which is assumed to be controlled with the hysteresis control method. Increasing both number of turns and stack length provides higher efficiency. However, long stack length causes bulky structure and a high number of turns causes high current density, which causes a high temperature. In totally enclosed natural cooled electric machines, the permissible current density range is 1.5-5 A/mm 2 [9] . This limitation is plotted in Figure 4 . A 65 mm stack length and 84 turns are decided based on the aforementioned limitations. The stator and rotor pole arc parameters are determined using the study of Lawrenson et al. [10] . The lowest common multiple (LCM) value for pole arcs (B s , B r ) for 6/4 SRM is:
Here, N s N r , q are pole number of stator/rotor and number of phases, respectively. Eq. (10) indicates that minimum stator and rotor pole arcs should be at least 30
• mechanical degrees. Also, the sum of these two arcs should not exceed 90
• for 6/4 SRM. Possible ranges of B s and B r pole arcs are drawn in the diagrammatic description shown in Figure 5 . More stator pole arc means less winding space and less rotor pole arc means less rotor inertia, which provides fast dynamic response to the SRM with the expense of a high torque ripple. There are four special points on the diagram where the inductance profile has different behavior. Usually the (1 42) triangle is assumed to be more practical where the rotor pole arc is bigger than the stator pole arc (B r > B s ). In computer numerical control (CNC) machines, the dynamic response of the operating spindle plays an important role in the fast operation. Hence, the rotor pole arc should be determined at the lowest value possible in the 6/4 SRM combination. A bigger slot area can be provided by choosing the stator teeth smallest arc value as much as possible. In conventional SRMs, keeping the teeth small causes high magnetic field densities in the lamination, which is considered as a drawback in terms of saturation and efficiency. However, cobalt-iron lamination material can handle high magnetic fields. Thus, the stator pole arc is kept at a minimum value that is 30
• mechanical degrees. In the second step, the rotor pole arc is optimized with the efficiency goal.
Two parallel branches are determined in the HS-SRM to minimize the eccentricity effect that might cause failure at high speeds. Moreover, the stator yoke thickness is minimized as much as possible to reduce current density by enabling a big slot area. Rotor yoke thickness should be also minimized for low inertia; however, there will be high mechanical stress. The optimized values and the related design geometry are provided in Table 2 and Figure 6 , respectively. 
HS-SRM performance analysis
First of all, static electromagnetic analysis is executed for the developed SRMs to get static torque and flux data as a function of position and phase current. Then, using the SRM static performance data, SRM control parameters will be determined. The analyses are performed with a coupled simulation method. The control algorithm is developed in MATLAB-Simulink and linked to the ANSYS-Simplorer where the power converter model exists. Then the FEA model of the SRM is linked to the power converter model. There is an additional algorithm that optimizes and determines the reference current level and the turn-on and turn-off angles. 
Optimization of turn-on and conduction angle
Optimization of turn-on and turn-off angles can be performed under different goals such as minimum torque ripple (MTR), maximum average torque (MT), and maximum average torque per ampere (MTPA). The MTPA is chosen for performance analysis as it is more efficient in SRM driving than the other two methods. The definition of the turn-on and turn-off angles is given in Figure 7 . The results are provided in Figure 8 . Figure 8a shows the torque per ampere values at different excitation angles at 50 krpm operating speed. The MTPA value is always reached on the single pulse switching boundary as shown in Figure 8a . The right side of the boundary is a hysteresis mode switching area where the phase currents are regulated at the determined reference currents. On the other hand, the left side of the boundary is the single pulse switching area where the phase current does not reach the desired reference value with related switching angles. As the MTPA value is found in the single switching boundary, this case will offer another big advantage on the converter side: semiconductors will be operated at relatively lower frequencies. Thus, the converter efficiency increases, as well. Figures 8b and 8c show the dynamic torque behavior and phase currents, respectively. With a 12 A reference current and 5.65 Arms phase current, the HS-SRM is able to generate 1.7 kW output power with natural cooling. 
Torque-speed characteristic curve
Wide speed-torque range and high peak torque capability are always desired in spindles.
The combination of the high peak torque and low rotor inertia enables a high acceleration rate. In terms of inertia, as the SRM does not have any winding or magnet in the rotor, it provides better acceleration rates compared to the PMSM and IM. In terms of peak torque capability, high peak torque is possible by pushing high phase current in the SRM. However, in the PMSM and IMs, the peak current is limited by magnet demagnetization risk and slip, respectively. The torque-speed curve of the SRM is obtained by applying an optimal current waveform at each speed. The curve is provided in Figure 9 . Natural cooled and liquid cooled designs are pointed out in the figure. Nominal operating conditions for both cooling options are determined by performing numerical thermal analyses. The results are not shared here to avoid complexity.
Efficiency map
An efficiency map is a contour plot of the efficiency on speed and torque axes [11] . In the analysis, copper losses, core losses, and friction losses are taken into consideration. The core losses are the major part of the losses and the calculation is not straightforward. Thus, coupled simulation FEA is performed to calculate the iron losses.
The bearing friction loss depends on the rotational speed and can be estimated with Eq. (14), where M is the frictional moment, µ is the friction coefficient of the bearing, p is the equivalent dynamic bearing load, d is the bearing bore diameter, and n is the rotor speed. From the efficiency map in Figure 10 , the results show that the developed SRM's efficiency is around 70%-80% in a wide speed range. 
P in = P out + P cu + P core + P f riction (12) P cu = 3(I rms ) 2 R phase (13)
Comparison of different spindle motor technologies
Integrated direct-drive spindles became a new trend for new technology CNC machines. The integration eliminates the need for a belt or gear, which are used for mechanical power transmission.
PMSMs and IMs are commonly used in spindles [5, 12] , whereas switched reluctance machines are not available in the industry [13] . These three types of electric machines are compared with different viewpoints in Availability  2  1  3  Complexity  3  2  1  Maximum load ability 1  3  2  Robustness  3  2  1 In spindle applications, a wide speed-torque range, high power density, high efficiency, and low cost can be considered as the crucial requirements [14] . The IM is the most famous in spindles because of the price and accessibility in the market. Nevertheless, high performance in the compact design is a new trend. The PMSM is gaining attention, but the magnet cost is a drawback and limits its market penetration. In addition, centrifugal forces cause mechanical stress on the magnets. A protective sleeve with carbon fiber, glass fiber, or titanium alloys is needed to fix the magnets [2] . However, the SRM is known as a reliable, fault-tolerant, simple, and cheap electric machine. As the rotor only contains steel lamination, there is no mechanical stress limit on the rotor [19] . With the use of high-performance core material, SRMs can have competitive efficiency and performance.
PMSM IM
The proposed SRM is compared with commercially available IMs and PMs having similar power ratings and cooling methods. The developed SRMs in both cooling methods, a conventional SRM that has the same geometry as the developed SRM but has M250-35A lamination more in the core, and the present industrial products are compared as shown in Figure 11 in terms of their power densities based on weight. It should be noted that the comparison is performed in continuous operation so the output power limiting factor is the thermal behavior (or the power loss) in each electric machine. The results show that the naturally cooled conventional SRM can give 0.98 kW with the HiperCo50 utilized SRM size. However, the HiperCo50 utilized SRM can give 1.71 kW, which shows the effectiveness of the material selection. It should be noted here that it is also possible to use cobalt-iron lamination material in PMSMs, but the big limitation factor will emerge at high magnetic fields as the magnets can go into the irreversible demagnetization area where the magnets are damaged. However, in SRMs, there is no magnet, so the only limiting factor is the lamination material. Reported industrial products have a liquid cooling and the proposed SRM has natural and liquid cooling options. Figure 11 shows that the developed SRM with natural cooling can compete with some industrial products. However, the liquid cooled SRM is superior to any other type of products. 
Experimental study
The designed and analyzed high-speed SRM is produced and tested. The produced SRM is shown in Figure  12 . Cobalt-iron (Co-Fe) lamination material is cut with the wire electrical discharge machining (wire-EDM) method and annealed at 1600
• C to achieve high magnetic permeability. The laminated sheets are bonded using glue, then cured at high temperature. Litz wire is used to minimize the phase resistances at higher frequencies. The rotor position sensing is done by using an absolute encoder. Usually, ceramic or hybrid ball bearings are preferred in high-speed applications as they can withstand high temperatures without deformation. However, they are much more expensive than steel ball bearings. As the prototyped SRM will be tested in a short time (not as much as industrial products), premium steel ball bearings with tight production tolerances are utilized. The size of the developed SRM is compared with an off-the-shelf PMSM spindle as shown in Figure 13 . As expected, the proposed SRM has a big advantage in terms of size and weight because of the Co-Fe lamination.
The proposed high-speed SRM is coupled to the hysteresis brake, which is behaving as a dynamometer. The phase inductances are measured using an LCR meter for different rotor positions. The simulation and measured inductance profiles are compared in Figure 14a , where the measured data has 15% less slope than what is expected. As the SRM's torque is proportional to the rate of change of inductance, the same amount of reduction is expected in torque. The HS-SRM dynamic performance tests are conducted until 15 krpm as shown in Figure 14b as the test setup is not suitable for higher speeds. The measured electromagnetic torque values at different speeds and currents are given in Table 4 . The results verify the inductance deviation between the FEA and experimental data.
Conclusion
In this study, HS-SRM with cobalt-iron lamination material is developed for direct drive spindle applications. High-speed applications are briefly mentioned and the benefits are discussed. PMSMs and IMs are broadly utilized in spindle applications. PMSMs provide high power density and IMs provide cost-effective solutions. In this study, SRM with HiperCo50 cobalt-iron lamination material is proposed as an alternative electric machine. It is known that conventional SRMs have a lower power density compared to PMs. By using cobalt-iron lamination material, the power density is increased without compromising other SRM advantages such as robustness, reliability, compactness, and cost-effectiveness. In addition, due to the absence of any winding or magnet in the rotor, the SRM can provide high torque over a wide speed range and high dynamic response with low inertia/high acceleration rate. These outstanding features will make the SRM suitable for grinding, milling, and cutting spindles. The SRM is designed with the rating of 1.7 kW and 3 kW at 50 krpm for natural and liquid cooling options, respectively. Its performance metrics are obtained based on torque-speed range and efficiency behavior over a wide speed range. The developed SRM is compared with existing industrial products. The results show that the proposed HS-SRM offers high power density and high efficiency in wide operating conditions. Finally, experimental results are provided to verify the design. A limited difference between the simulation and experimental, which is around 15%, is achieved. The results indicate that the SRM with high-quality core material may be an attractive candidate for spindle applications.
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